D
ifferentiated thyroid cancer (DTC) makes up ;90% of all thyroid cancers (1) . A three-pronged treatment approach of surgery with or without radioactive iodine (RAI) therapy and thyrotropin-suppressive thyroid hormone provides an excellent prognosis for most localized, well-differentiated disease. The prognosis for distantly metastatic disease drops significantly, however, with an estimated 10-year survival rate of 42% (2) . Radioiodine refractory (RAIR) disease has an even more dismal prognosis, with an estimated 10-year survival of just 10% (3) . Management options in that subset of patients include active surveillance, local therapy for metastatic sites, or multikinase inhibitor therapy for rapidly progressing, symptomatic, or life-threatening disease (1, (4) (5) (6) .
Multiple agents to attempt to restore RAI avidity in patients with RAIR DTC have been studied. The use of retinoids (7) (8) (9) , romidpesin (10), rosiglitazone (11) , and even the multikinase inhibitor sorafenib (12) unfortunately proved to be of little clinical value. Understanding the biological pathways implicated in thyroid cancer has allowed us to define therapeutic targets. Specifically, gain-of-function mutations in the MAPK signaling pathway, in particular the BRAF V600E mutation, have been implicated in loss of the sodium-iodine symporter that mediates iodine uptake (13, 14) . In one study, BRAF-mutant tumors had reduced expression of all thyroid-specific genes involved in iodine metabolism (13) . In another study, targeted inhibition of the MAPK pathway with a MEK inhibitor restored the expression of iodide-metabolizing genes in normal and malignant thyroid cells (14) . In a series of very elegant experiments, Chakravarty et al. (15) showed that activation of BRAF V600E transformed thyroid follicular cells into poorly DTC with inability to incorporate RAI, and that inactivation of this mutation with a MEK or BRAF inhibitor restored normal architecture and RAI sensitivity.
This work laid the foundation for more recent trials that showed promising results with use of the MEK inhibitor selumetinib (16) and the BRAF inhibitor dabrafenib (17) . Of 12 patients treated with selumetinib, eight had a clinically meaningful uptake to warrant treatment with RAI, of whom five had objective response and three had durable stable disease (16) . Of the 10 patients treated with dabrafenib, six had a clinically meaningful uptake on diagnostic RAI scans to warrant treatment and two had objective response as well (17) . Long-term outcomes of these patients, however, are not known. In this article, we describe the experience from a tertiary cancer center of using targeted therapy (TTx) in restoring RAI avidity in patients with previously RAIR, advanced thyroid cancer.
Methods

Study
We describe 13 patients with RAIR disease who were treated with TTx using either single-agent or combination MEK and/or BRAF inhibitors and who underwent a diagnostic whole-body scan (WBS) while receiving therapy. Refractoriness to RAI was defined as disease having at least one of the following: no RAI uptake at known sites of metastases, progressive disease (PD) despite previous RAI treatment with confirmed uptake, or PD within 1 year of RAI therapy. This retrospective study was approved by the institutional review board at The University of Texas MD Anderson Cancer Center.
Design
Demographics, tumor characteristics (i.e., histologic subtype, stage, and mutational status), and details of prior RAI treatments were collected and recorded from charts of the 13 patients identified for this study. Details of TTx, including the name, dose, and duration of treatment, were recorded. If the patients were treated with iodine-131 (I 131 ; after lowiodine diet intake of 1 to 2 weeks) because their physicians interpreted their pretreatment WBS as showing meaningful RAI uptake, subsequent follow-up data were collected, including further TTx, serial cross-sectional imaging, and thyroglobulin (TG) panels.
Response
Radiologic response on cross-sectional imaging over 12 to 14 months was measured for all patients, using Response Evaluation Criteria in Solid Tumors, version 1.1. Target lesions were measured at baseline; at best response on TTx; before RAI therapy, if given; and at best response after RAI therapy while not receiving TTx. TG and TG antibody (TG Ab) levels were also recorded before initiation of TTx, while receiving TTx and after treatment with RAI, when applicable.
Statistical analysis
The primary end point was the additional radiologic response I 131 therapy achieved over that seen with TTx alone for patients who were treated with RAI while receiving TTx. Secondary end points were best response to therapy; duration of response, including time off systemic therapy; and time to progression. Radiologic responses were assessed using Response Evaluation Criteria in Solid Tumors, version 1.1, by a single radiologist. Biochemical responses were assessed with serum TG and TG Ab levels measured using the same assay at the same laboratory.
Results
Study population
A total of 13 patients with RAIR, advanced thyroid cancer were included in the study. TTx had been started either for PD (eight of 13 patients; 62%) or with the intent to induce RAI redifferentiation (five of 13 patients; 38%).
Baseline characteristics of the 13 patients are listed in Table 1 . The median age was 55.6 (range, 45 to 75) years. Seven (54%) were men. Ten patients (77%) had classic or follicular variant of papillary thyroid cancer, two patients (15%) had poorly DTC, and one patient (8%) had follicular thyroid cancer. Nine patients (70%) had a BRAF V600E mutation, two patients (15%) had an NRAS mutation, one patient (7.5%) had a KRAS mutation, and one patient (7.5%) was wild type for 400 tested genes, including BRAF and RAS. All but one patient had undergone at least one prior RAI therapy, with a median cumulative activity of 163 mCi. One patient had no prior RAI treatments because she was deemed to be RAI refractory on the basis of a negative diagnostic scan at initial presentation to our institution despite biopsy-proven macronodular lung metastases that were fluorodeoxyglucose avid on concomitant fluorodeoxyglucose positron emission-CT (18) .
Based on the identified somatic mutation, patients were treated with either a selective BRAF or a MEK inhibitor. Of the nine patients with a BRAF V600E mutation, all were treated with a BRAF inhibitor (seven with dabrafenib, one with vemurafenib, and one with combination dabrafenib and trametinib). The three patients with RAS mutation were all treated with a MEK inhibitor (two with trametinib, one with an investigational MEK inhibitor). The patient who had no identified somatic mutations was treated with trametinib. The median duration of TTx before the diagnostic WBS was 14.3 (range, 0.9 to 76.4) months (Fig. 1 ).
Efficacy
Of the 13 patients, eight (62%) had clinically meaningful uptake to warrant therapy with RAI. Based on the treating physician's clinical judgment, an additional patient was empirically treated with RAI despite no uptake on pretreatment scan. For the nine patients treated with I 131 , the median administered activity was 204.4 (range, 150 to 253) mCi. Figure 2 shows posttreatment scans for select patients at the time they were deemed to be RAI refractory and at the time of RAI resensitization while receiving TTx. Of note, all RASmutated patients had meaningful uptake to warrant therapy with I 131 . Blood dosimetry was used to calculate the I 131 activity in three patients, and empiric dosing was used in the other patients. TTx was discontinued 2 days after treatment.
Radiologic response
For the nine patients treated with I 131 , the median duration of follow-up after RAI therapy was 14.3 (range, 4.5 to 20.6) months. While receiving TTx and before RAI therapy, the best overall responses for the nine patients were as follows: Eight patients had stable disease and one patient had PD (Fig. 3A) . The patient with PD before RAI therapy had an NRAS mutation, began receiving TTx for the purpose of RAI redifferentiation, and received treatment for 2 months only. All nine patients treated with RAI had an overall response that was in addition to any response they had achieved while receiving TTx alone. While off TTx and compared with their best response while receiving TTx, the best overall responses for the nine patients were as follows: Three patients had a partial response (PR) and five patients had stable disease, of whom three had stable disease with regression (Fig. 3B ). The patient with NRAS mutation who had rapidly PD had an additional 88% shrinkage of target lesions after therapeutic RAI administration (Fig. 3C) . The patient who was wild type for all mutations tested and who was treated empirically with RAI despite no uptake on scan had stable disease after RAI therapy (Fig. 3) . Figure 3C shows side-by-side responses for the nine patients while they were receiving TTx alone and after RAI therapy while off TTx. Figures 3D and 3E show representative patients' target lesions and their response to RAI after resensitization with TTx.
Biochemical response
Before RAI therapy, of the nine patients treated with RAI, six had increasing serum TG levels, one had undetectable TG levels but stable and markedly elevated TG Ab levels, one had undetectable TG and TG Ab levels, and for one, there were insufficient data to trend TG levels before initiation of systemic therapy. Of the four patients who did not end up receiving RAI therapy, one had rising TG levels and three had stable serum TG levels before initiation of systemic therapy despite structurally PD.
While receiving TTx, the TG (or TG Ab) levels of seven patients increased without any evidence of radiologic progression. One patient's serum TG levels decreased while receiving systemic therapy, and one patient did not have sufficient data to determine TG trends while receiving systemic therapy. Of the four patients who were not treated with RAI therapy, only one had increasing TG levels while receiving systemic therapy (Table 2) .
After RAI therapy, eight of nine patients' serum TG levels decreased from baseline levels before TTx was started. One patient's serum TG level became undetectable at nine months after RAI therapy and remained undetectable at 12 months after RAI therapy. She had achieved a PR and her lesions remained stable at subsequent follow-up.
Time off systemic therapy
All nine patients treated with RAI therapy remained off systemic TTx for a median duration of 14.3 (range, 4.5 to 20.6) months. Safety RAI-related adverse events occurred in three of the nine treated patients. One patient had pneumonitis and was treated with 204 mCi, with a prior lifetime cumulative activity of .300 mCi (details of one RAI treatment are unknown). She required steroid treatment for symptom resolution. Another patient had a new cough and shortness of breath and was evaluated for pulmonary fibrosis suspected on chest imaging but was then considered to be consistent with pneumonitis. This patient was treated with 253 mCi of I 131 , with a prior lifetime cumulative activity of 723 mCi. The third patient had bilateral sialadenitis with multifocal parotid ductal stenosis. She was treated with 200.9 mCi of I
131
, with a prior lifetime cumulative activity of 309 mCi. All three patients' administered treatments had been selected by blood dosimetry calculations. All three patients' symptoms resolved within 3 months of symptom onset.
Patients not treated with RAI therapy
At a median duration of follow-up of 6.9 (range, 6.4 to 10.1) months from the diagnostic WBS obtained to determine whether the tumors had resensitized to RAI, all four patients who were not treated had continued to receive systemic therapy. At the time, three of the four had stable disease and one had a mixed response with some lesions remaining stable while others enlarged. All four patients were men (median age, 48 years) with BRAF-mutated papillary thyroid cancer.
Discussion
Although most cases of DTC have an excellent prognosis, survival drastically decreases for patients with metastatic RAIR disease (2, 3, 6) . RAI remains the only known cure for metastatic RAI-sensitive disease; there is no curative therapy currently available for metastatic RAIR thyroid cancer. The use of a redifferentiation strategy to permit additional RAI therapy for patients with RAIR disease may offer a cure in appropriately selected patients while minimizing exposure to kinase inhibitor therapy.
Earlier studies that described agents used for resensitization of RAIR thyroid cancer to RAI before the advent of molecular TTx showed little clinical benefit (7, 9, 11). As the understanding of the molecular pathways implicated in thyroid cancer grew and with the knowledge that activated MAPK signaling suppressed uptake of RAI, later studies investigated the use of agents that inhibited this pathway in restoration of RAI sensitivity. Given its weak BRAF inhibition properties, it is thus not surprising that sorafenib did not show any promise using a resensitization approach (12) . The use of potent selective BRAF or MEK inhibitors in the two most recent studies by Ho et al. (16) and Rothenberg et al. (17) , respectively, further supports the role of the MAPK pathway to regulate iodine uptake in thyroid cells. As in our study, patients enrolled in these two studies also had progressive, metastatic, RAIR DTC. What is interesting to note is that patients with RAS mutations in our study as well as that of Ho et al. (16) had sufficient RAI uptake to allow for a therapeutic I 131 therapy. In all three studies, including ours, patients who did not have RAI uptake after TTx had BRAF mutations (16, 17) . It is unclear why the response to therapy may be different between these two groups, but potentially RAS mutations may be more amenable to redifferentiation. It is unlikely a factor of the TTx used, because, in our study, one patient with BRAFmutated disease was treated with combination BRAF/ MEK inhibition without sufficient RAI uptake to warrant therapy. The responses seen in the studies by Ho et al. (16) and Rothenberg et al. (17) were evaluated at 6 months, but we offer responses evaluated at .1 year after RAI therapy.
We hypothesize that a sustained increase in TG (or TG Ab) levels while receiving TTx may be a marker of redifferentiation and subsequent response to RAI. In our study and while receiving TTx, seven of the nine patients treated with RAI had increasing TG (or TG Ab) levels without any evidence of radiologic progression. Several other investigators have noted the increase in TG levels in patients treated with BRAF inhibitors (19, 20) . From the available published data by Ho et al. (16) and Rothenberg et al. (17) , 10 of the 14 patients treated with RAI had increasing TG levels while receiving selumetinib or dabrafenib. Of the four patients who did not show evidence of RAI resensitization, three patients did not mount a TG response while receiving TTx. It thus may be worthwhile to consider obtaining a diagnostic WBS when serum TG levels are increasing while receiving TTx, assuming there is no evidence of radiologic progression.
Although pneumonitis is not a common adverse event of RAI therapy in adults, two of our patients had pneumonitis without progression to fibrosis. Both these patients had BRAF mutations, and they were both treated with dabrafenib (one for ;8.5 months and one for 10 months) and had been exposed to at least two prior RAI therapies. At time of last follow-up, both had achieved PR and had remained off dabrafenib. Higher activities of RAI may have contributed to their response at the expense of certain toxicities without achieving a cure. We also do not have any data on survival benefit using this approach, and so benefits and risks should be carefully weighed before adopting this management approach.
The disease control rate for patients who converted from RAIR to RAI sensitive in our study was 100% and the responses observed were durable for a median duration of .1 year while not receiving chronic, expensive TTx. This was not a randomized trial; therefore, we do not know the duration of stable disease these patients ,0.9 ,0.9 -,0.9 --Abbreviation: -, no data. a TG Ab levels (IU/mL) were used for patient 4, who always had undetectable antigen levels. All other patients' TG Ab levels were undetectable.
might have experienced in the absence of RAI therapy. With increasing incidence of cancer diagnoses and use of oral TTx, the financial toxicity as it relates to both the objective and subjective financial consequences that cancer imposes on a patient is also on the rise (21, 22) . In regard to patients with RAIR thyroid cancer, existing studies do not adequately portray the disease's economic burden (23, 24) . We do know, however, that use of oral chemotherapeutic agents for various solid tumors is increasing with monthly per-patient payments more than doubling over the last decade, reaching .$7000 per patient per month in 2011 (25) . To be able to take patients off these therapies and keep them off for .1 year will also improve other outcomes that have been tied to financial stress, such as quality of life (26, 27) , symptom control (27) , and even survival (28) . In summary, the use of TTx as a means of redifferentiating RAIR thyroid cancer to RAI treatment appears to be a promising approach in patients with somatic BRAF or RAS mutations. Additional studies are needed to determine the characteristics of patients who are most likely to benefit; to clarify the risks of treatment, such as pneumonitis; and to describe the duration of clinical response and its impact on survival.
